Figure 1. Z-Selective olefin synthesis by Fe-catalyzed reductive coupling of alkyl electrophiles with terminal arylalkynes.
* S Supporting Information ABSTRACT: Selective catalytic synthesis of Z-olefins has been challenging. Here we describe a method to produce 1,2-disubstituted olefins in high Z selectivity via reductive cross-coupling of alkyl halides with terminal arylalkynes. The method employs inexpensive and nontoxic catalyst (iron(II) bromide) and reductant (zinc). The substrate scope encompasses primary, secondary, and tertiary alkyl halides, and the reaction tolerates a large number of functional groups. The utility of the method is demonstrated in the synthesis of several pharmaceutically relevant molecules. Mechanistic study suggests that the reaction proceeds through an iron-catalyzed anti-selective carbozincation pathway.
O lefins are among the most important organic compounds in chemical, materials, and pharmaceutical industries. 1, 2 While the preparation of E-olefins is well established, the synthesis of Z-olefins is less straightforward. 3 The most general method of Z-olefin synthesis is the Wittig-type reaction, which is noncatalytic and generates a stoichiometric amount of phosphine oxide waste. 4 Recently, significant progress has been made in the development of catalytic methods, such as cross-coupling, 5,6 semihydrogenation of alkynes, 2,7,8 and olefin metathesis 9,10 for Z-selective olefin synthesis. Moreover, catalytic carbomagnesiation and carbozincation of alkynes with Grignard and organozinc reagents have been developed to allow stereoselective synthesis of polysubstituted alkenes from readily available alkynes. 5a,c,6e,f,11
Here, we report an alternative method for Z-selective synthesis of 1,2-disubstituted olefins via iron-catalyzed reductive crosscoupling of alkyl halides with terminal arylalkynes (Figure 1 ). 12, 13 This approach offers a valuable alternative compared to the above-mentioned methods: (i) the reaction employs inexpensive and nontoxic FeBr 2 as catalyst without the need of sophisticated ligands; (ii) no sensitive organometallic reagents are used; (iii) the starting materials are readily available. Mechanistic study suggests that the reductive coupling occurs via an Fe-catalyzed anti-selective carbozincation of arylalkynes, which leads to high Z-selectivity ( Figure 1 ).
We targeted Fe catalysis for this transformation. Fe catalysts are known to catalyze cross-coupling of alkyl halides with aryl Grignard reagents. 14 While the mechanism of these coupling reactions are still under investigation, there is evidence that iron(I) species are involved for the activation of alkyl halides. 15 We envisioned that an iron(I) intermediate might be generated by reduction of an iron(II) salt with a stable reductant such as zinc, thereby avoiding the use of Grignard reagents, 13 which not only are inconvenient to handle but also may lead to undesired side reactions such as cross-coupling and reduction.
We commenced the study by examining the reaction of ethynylbenzene (1a) with iodocyclohexane (2a) (see Supporting Information, Tables S1−S6; Figure S1 ). After a screening of reaction parameters, we found that the optimized conditions involved the use of N,N-dimethylacetamide (DMA) as solvent, FeBr 2 (10 mol %) as catalyst, Zn powder (1.5 equiv) as reductant, iodine (I 2 , 2 mol %) as Zn-activating reagent, and 2a in slight excess (1.5 equiv). The reaction took place at room temperature for 16 h. After aqueous workup, (2-cyclohexylvinyl)benzene (3a) was obtained in 91% GC yield and high Z-selectivity (Z:E > 13:1) (Table S1, entry 7). When Zn was replaced by another reductant such as Mn and Mg, the yields were only 5% and 7%, respectively (Table S1, entries 10 and 11). Among various iron salts, FeBr 2 was the best catalyst (Table S2 ). When 99.99% pure FeBr 2 was used, the yield was similar (Table S2 , entry 4). When FeBr 2 was replaced by catalysts based on Cu, Ni, Co, Mn, Cr, Ag, or Pd, the yield and/or selectivity was lower (Table S3 ). Both FeBr 2 and Zn were essential for the reaction (Table S6 ).
The Fe-catalyzed olefination method proved to be general ( Figure 2 ). 16 The reaction is insensitive to the electronics of arylalkynes, as electron-neutral (3a), electron-rich (3b−3e), and electron-deficient arylalkynes (3f−3n) all reacted to yield the corresponding Z-olefins in good to excellent yields. Dimethylamino (3b), thiomethyl (3d), bromo (3f), chloro (3g), fluoro (3h), trifluoromethyl (3n), and thiophenyl (3q) groups are well tolerated. Carbonyl (3i−3l) groups are more sensitive. Still, amide (3i), ester (3j), and keto (3k) groups are compatible, and olefins containing these groups were produced with yields in the range of 50−60% 17 and high Z to E ratios (Z:E ≥ 9). However, the presence of an aldehyde group reduced the yield to 32% 17 and Z:E to 7.4. Alkynes bearing the nitrile (3m) and pyridine groups (3r) reacted properly only in the presence of 40 mol % N,N,N′,N′-tetramethylethylenediamine (TMEDA), presumably due to the coordination of nitrile and pyridine groups to the Fe ion that could be alleviated by TMEDA coordination. Alkynes with sterically congested o-tolyl (3o) and naphthyl (3p) groups are also suitable reaction partners. The reaction protocol allows the use of secondary alkyl iodides with a variety of cyclic and acyclic alkyl groups with different steric properties (3a, 3n, 3r, 4b, 4d−4f, 4i−4l) as well as functionality (4a, 4h, 4m). Gram-scale synthesis (20 mmol) could also be achieved to give synthetically useful yields of Z-olefin (3a). Furthermore, tertiary alkyl iodides reacted equally well to form adamantyl-(4c) and tert-butyl substituted Z-olefins (4g). Alkyl bromides, including bromocyclooctane (5f), 2-bromo-2-methylbutane (5g), and 3-bromo-3ethylpentane (5h), reacted readily under similar conditions ( Figure 3 ). For other alkyl bromides (Figure 3 , 5a−5e, 4g), an increase in the loading of alkyl bromide (5 equiv) and reaction temperature (60°C) was necessary. The Z:E selectivity in most cases is more than 12:1.
The reaction conditions described above are less efficient for the coupling of primary alkyl iodides (Table S7 , entries 1 and 2). A reoptimization showed that replacement of I 2 by iodotrimethylsilane (TMSI), addition of CuBr 2 (10 mol %) as cocatalyst, and higher concentrations of reactants were beneficial. Under these modified conditions, the coupling of 1a with 1-iodoheptane (2b) gave (Z)-non-1-en-1-ylbenzene in 53% yield (compared to about 30% under the protocol in Figure 2 ) (Table S7 , entry 16).
The modified protocol was applied to couple a wide range of primary alkyl iodides (Figure 4) . 18 Alkyl iodides with various chain lengths and isomeric structures did not significantly affect the product yields and Z-selectivity (6a−6c, 6e, 6f). High functional group compatibility was exhibited, tolerating alkyne (6d), ether (6g), chloro (6h), ester (6i), nitrile (6j, 6k), protected alcohol (6l), carbazole (6m), and olefin (6n) moieties. Alkyl tosylates (6q−6s) were also coupled at 60°C when tetrabutylammonium iodide (1−2 equiv) was used as additive. 19 The reaction could be run in gram scales (8−15 mmol) with similar yields (Figure 4, 6a, 6c) .
The Fe-catalyzed olefination method was applied for the synthesis of Z-olefins containing bioactive moieties. Natural groups such as cholestanol, protected galactose, tocopherol (Figure 2 , 4n−4p), and menthol (Figure 4, 6o) could be introduced on both the alkyne and alkyl coupling partners. 3,4,5-Trimethoxyphenyl ethylenyl group is a common motif found in the combretastatin family of natural products, which are promising antitumor agents. 20 Z-Stilbenoids containing the 3,4,5-trimethoxyphenyl group are widely studied. Their alkyl analogues are less encountered probably due to synthetic difficulty. The Fe-based olefination method was applied to prepare 3,4,5-trimethoxystyrenes substituted with a primary, secondary, or tertiary group with decent Z-selectivity (Figure 2 , 4q, 4r; Figure 4, 6p) . Finally, the Fe catalysis was used to prepare drug-like molecules and their key intermediates. With this method, Z-styrene 7a, an intermediate to a caffeic acid phenethyl ester analogue, which exhibits antiproliferative activity toward carcinoma, 21 was synthesized in one step, 44% yield, and 7.6 Z:E selectivity ( Figure 5 ). 22 A previous method, using Wittig reaction, gave 25% yield and 3.3 Z:E selectivity. Likewise, the iron catalysis was applied for the synthesis of complex Z-styrenes that offer potential treatments for allergic diseases (Figure 5, 7b and 7c), achieving higher yields and/or Z-selectivity than the corresponding Wittig reactions. 23 To gain preliminary understanding of the reaction mechanism, several experiments were conducted. When 6-iodohept-1-ene and 6-bromohex-1-ene were used as radical clock substrates, the corresponding ring-cyclized Z-olefins (8a and 8b) were obtained (see Figure S3 ). (Z)-8-Iodooct-3-ene also reacted to give predominantly the cyclized product (8c) (Figure 6a ). When a radical scavenger, 2,2,6,6-tetramethylpiperidineoxy (TEMPO), was added, an alkyl-TEMPO adduct (8d) was obtained while no Z-olefin was formed ( Figure S4 ). These results suggest that an alkyl radical is generated in the reaction. The reaction was conducted in the presence of triethyl phosphite, an alkenyl radical trap 24 (Figure 6b ). Diethyl (E)-(2-cyclohexyl-1phenylvinyl)phosphonate (8e) was formed, suggesting the formation of an alkenyl radical intermediate. We investigated the source of α-olefinic hydrogen in the final olefin products. The hydrogen might originate from the DMA solvent or water. Thus, a reaction was conducted in DMA-d 9 followed by aqueous workup; a parallel reaction was conducted in DMA-H 9 followed by workup with deuterium oxide (D 2 O) ( Figure S7 ). α-Hydroolefin and α-deuterioenriched olefin were formed from these two reactions, respectively, suggesting that water was the source of the olefinic hydrogen. We hypothesized that this proton was transferred by protonation of an alkenyl anion with water. To test this hypothesis, an electrophilic iodinating reagent, IBr, was added at the end of the reaction. The corresponding iodo-olefin (8f) was formed as the major product (Figure 6c ), supporting the intermediacy of an alkenyl anion. The Fe-catalyzed reaction was also monitored by 1 H NMR spectroscopy ( Figure S9a ). An alkenyl species was observed, which might be attributed to the alkenylzinc intermediate. A small amount of Z-olefin product was also observed before aqueous workup. The proton source of this olefin might be the trace amount of water contaminant in the reaction medium or the terminal alkyne itself. 25 When the reaction was carried out under "extra-dry" conditions, a similar amount of olefin was produced before aqueous workup ( Figure  S9b ), suggesting that water contaminant was not the main proton source. When the reaction was conducted using phenylacetylene-d 1 (80% D) as the substrate, D-incorporation in the internal α-position of the olefin product was observed ( Figure S9c,d) . Thus, the terminal alkyne substrate itself was the proton source to partially protonate the alkenylzinc intermediate during the reactions. Since zinc can react with alkyl halides to give alkylzinc reagents, 26 we used alkylzinc reagents in the reaction protocols ( Figure S10 ). However, only trace amounts of Zolefins were formed, excluding the intermediacy of in situ formed alkylzinc reagents. Iron-catalyzed isomerization of E-olefin to Zolefin also did not occur under the reaction conditions ( Figure  S11 ).
Based on the above results, we propose a tentative catalytic cycle of the iron-catalyzed Z-olefin synthesis (Figure 6d ). The reaction starts by reduction of the Fe(II) catalyst with Zn to form an Fe(I) intermediate (step i), 15,27 which reacts with alkyl iodide to form an alkyl radical via single electron transfer (steps ii and iii). 15 The alkyl radical attacks the sterically less hindered terminal carbon of arylalkyne to form a linearized alkenyl radical (I) due to the resonance stabilization of π-type radical by the aromatic ring (step iv). 28 The linear geometry of (I) allows a Fe(I) ion to attack more favorably the sterically less hindered side of π-radical [bottom side of (I)], forming an Fe(II)-alkenyl complex (II) in which the aryl and alkyl groups are cis to one another (step v). 28 The subsequent Fe−Zn exchange leads to an alkenylzinc species (III) and regenerates the Fe(II) catalyst (step vi). Protonation of the alkenylzinc species by water, and to a less degree, by terminal alkyne, furnishes the Z-olefin (step vii). 29 For coupling of primary alkyl iodides, CuBr 2 is proposed to stabilize the reactive primary alkyl radical via the formation of a Cu-alkyl species, 30, 31 thereby increasing the yields of reactions.
The main limitation of this Fe-catalyzed method is the scope of alkynes. For the moment, only terminal arylalkynes can react efficiently. The coupling of terminal alkylalkynes and internal arylalkynes only gave trace amounts of desired products. While a wide range of nonactivated alkyl halides were suitable substrates, activated alkyl halides, such as benzylic/allylic bromides and αbromoketones, did not react to give the desired Z-olefins but underwent reductive dimerization under the catalytic conditions. Thus, the current method is not yet as general as Wittig reaction, cross-coupling, or semihydrogenation. However, the high Zselectivity and the simple and practical conditions provided by this method make it a novel and valuable approach for the synthesis of Z-β-alkylstyrenes.
